1
. Ion-specific effects are ubiquitous in nature 2 and critical for protein folding/stability, aggregation as well as enzymatic activity [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, except for some cations serving as cofactors of proteins, ion-protein interactions are commonly believed to act by non-specific electrostatic screening at diluted salt concentrations (<200 mM) 2, 3, 8 and anion-protein interactions are completely absent in the textbook of bioinorganic chemistry 13 . Nevertheless, previously it was found that non-specific electrostatic screening could not completely account for the ion's effects on a variety of global properties of proteins such as stability 3, 11 , aggregation 6, 10 , cloud-point temperature and effective charges 8 . To reconcile these fundamental discrepancies, a high-resolution view is required to answer two key questions: 1) whether different ions bind to distinctive set of protein residues; and 2) whether bindings show saturation; and if so, what are their dissociation constants (Kd).
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NMR spectroscopy is the only available technique to visualize residue-specific ion-protein interactions. Recently, we revealed that in contrast to the common belief, in water at pH 4.0, 8 anions located in the middle, on the left and right sides of the Hofmeister series were able to bind distinctive sets of residues of the intrinsicallyunstructured cytoplasmic domain of ephrin-B2 with very high affinity. In particular, sulfate anion is the tightest binder, with apparent dissociation constants (Kd) of ~1 mM 10 .
Our finding disagrees with a previous NMR investigation on the well-folded B1 domain of protein L (ProtL) in 20 mM phosphate buffer at pH 6.0, demonstrating that anionprotein interactions showed no saturation with salt concentrations up to the molar range 12 .
Here, we selected the well-folded, 39-residue WW4 as a study system. Previously we have determined its NMR structure and binding with a Nogo-A peptide 14 . Moreover, no evidence exists to suggest the requirement of any anion as its cofactor. Subsequently by use of NMR HSQC titrations 10 , we monitored its binding to three physiologically relevant salts (Na 2 SO 4 , NaCl and NaSCN) 15, 16 with salt concentrations up to 200 mM (800 protein molar equivalents), under three solution conditions: 1) in water at pH 6.4; 2) in 20 mM phosphate buffer at pH 6.4; and 3) in water at pH 4.0.
As shown in Figure S1a , no significant difference is found for far-UV CD spectra of WW4 in water at pH 6.4 and 4.0, implying that WW4 has very similar secondary structures at two pHs. Furthermore, similar far-UV CD spectra in the presence of 800 molar equivalents of Na 2 SO 4 and NaCl at pH 6.4 ( Figure S1b ) and 4.0 ( Figure S1c) indicate that addition of two salts triggers no significant change of secondary structures.
Subsequently under three solution conditions, we acquired series of HSQC spectra of WW4 with progressive addition of Na 2 SO 4 ( Figure S2 ), NaCl ( Figure S3 ) and NaSCN 4 ( Figure S4 ). In the absence of salts, WW4 is well-folded as evident from its large Figure 1a , in water at pH 6.4, NaCl induces significant shifts (>0.03 ppm) for only two residues (Arg35 and Asn36); Na 2 SO 4 for three (Phe31, Lys32 and Asn36) and NaSCN for nine (Trp9, Glu10, Glu16, Gly17, Asp23, Arg27, Lys32, Arg35 and Asn36). . The most unexpected finding is that the pre-existence of 20 mM sodium phosphate considerably changes the shift patterns by all three salts. In the buffer, some residues, which are not perturbed either by that salt or sodium phosphate separately, suddenly appeared to be significantly perturbed.
For example, in the buffer Na 2 SO 4 is able to significantly perturb Trp9, Asp23 and Asn25, which are not largely perturbed by Na 2 SO 4 alone in water either at pH 6.4 or 4.0.
We fitted all titration tracings with 1 H chemical shift differences > 0.03 ppm to obtain the apparent dissociation constants (Kd) as we previously described 10 (Table 1) . Intriguingly, although Na 2 SO 4 perturbs much less numbers of residues than NaSCN, it has the strongest binding affinity, with average Kd values of 32.0, 15.7 and 86.3 mM respectively for backbone amide protons under three conditions. NaCl, NaCSN and Na 2 HPO 4 have much lower affinity, with average Kd values of ~100 mM even in water.
Noticeably, only Na 2 SO 4 appears to extensively bind to side-chain amide protons, in particular at pH 4.0, although the binding affinity is approximately 3-fold lower than that of the backbone at the same condition (Table 1) . Unbelievably, the pre-existence of 20 mM sodium phosphate buffer significantly reduce the binding affinity of all three salts, as exemplified by titration curves and Kd values of several representative residues ( Figure   1b ). For Na 2 SO 4 , although the presence of the buffer leads to an approximately 3-fold affinity reduction for backbone amide protons, titration curves still show saturation to some degree. By contrast, for NaCl and NaSCN, the presence of the buffer renders the titration curves to appear to be almost liner which can not be fitted with good confidence (Figure 1b and Table 1 ).
We then mapped the binding sites onto the WW4 NMR structure 14 ( Figures 2a-i) .
On the other hand, we determined the exposure degree of WW4 amide protons to solvent by H/D exchange experiments 17 (Table S1 ). Interestingly, Na 2 SO 4 , NaCl and Na 2 HPO 4 appear to bind only well exposed amide protons (with Kex > 5 h . Further analysis of electrostatic potential surfaces reveals a surprising picture: 6 the amide protons interacting with Na 2 SO 4 , NaCl and Na 2 HPO 4 in water are almost all located on the electrostatically-positive regions while NaSCN is able to bind to the amide protons of Trp9, Glu10, Val22 and Asp23 located on electrostatically-negative regions (Figures 2k, l and m) . This implies that Na 2 SO 4 binding is highly electrostaticallydependent while NaSCN is not. Indeed, the binding affinity of Na 2 SO 4 at pH 4.0 has a ~2-fold increase as compared to that at pH 6.4 while no significant difference is found for NaSCN at two pHs. Very surprisingly, the presence of 20 mM sodium phosphate renders Na 2 SO 4 to behave like NaSCN, capable of significantly perturbing Trp9 and Asp23 on two core β-strands with well protected amide protons (Figure 2b) .
Comparison of the present results with our previous 10 reveals key factors governing anion-protein interactions. Sulfate and chloride are highly-hydrated 18, 19 , and consequently they only bind well-exposed amide protons driven mostly by electrostatic interactions. The high charge-density renders sulfate to form the most stable hydrogen bonds with amide protons in both structured and unstructured proteins 10 . By contrast, thiocyanate is weakly solvated with low charge density 19 . As such, van der Waals interaction seemingly also plays key roles. This is evident from the fact that thiocyanate is able to bind the largest set of amide protons including some well protected amide protons located on electrostatically-negative patches (Trp9 and Glu10). On the other hand, no significant change has been observed for the binding sites of three salts at pH 6.4 and 4.0, implying that additionally to electrostatic properties, other geometric/dynamic parameters of the protein surface patches are also critical for coordinating anions 20, 21 .
Remarkably, ~10-fold reduction is observed in terms of the affinity of three salts to the well-folded WW4 as compared with those to an unstructured domain at same pH 10 .
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This suggests that a well-folded protein is significantly shielded from ion binding. As such, we propose here that other than unspecific electrostatic screening, the specific ionbinding appears to also have a key role in mediating protein aggregation, in particular for the "insoluble proteins" with disrupted tertiary packing 9, 22 . Our results also imply an extreme complexity for salts' effects on global protein properties: even only for the binding event, different anions already have differential binding residues and affinities.
As global effects are concerned, many other processes are involved and as such other properties of anions such as polarisability will further come into play critical roles.
The reduction of binding affinity by the presence of the buffer may be explained by electrostatic screening or/and competition for binding sites. Nevertheless, in the buffer, the surprising alteration of the perturbation patterns particularly by sulfate implies the non-additive interaction between phosphate and sulfate anions. Previously, it was only found that the interaction between cations and anions is not additive and the underlying mechanism might be extremely complex 23, 24 . To the best of our knowledge, here is the first time to report the non-additive interaction for two anions. This finding bears practical implications as phosphate buffers are so extensively used for buffering proteins for functional and NMR studies. 
